The formation of N-nitrosodimethylamine (NDMA) is of major concern among wastewater recycling utilities practicing disinfection with chloramines. The NDMA formation potential (FP) test is a simple and straightforward method to evaluate NDMA precursor concentrations in waters. In this paper we show the NDMA FP results of a range of tertiary wastewater treatment plants that are also the source for production of recycled water using an Ultrafiltration -Reverse Osmosis (UF-RO) membrane process. The results indicate that the NDMA FP of different source waters range from 350 to 1020 ± 20 ng/L. The fate of these NDMA precursors was also studied across the different stages of two Advanced Water Treatment Plants (AWTP) producing recycled water. These results show that more than 98.5 ± 0.5% of NDMA precursors are effectively removed by the Reverse Osmosis (RO) membranes used at the AWTPs. This drastically reduces any potential for re-formation of NDMA after the RO stage even if chloramines may be present (or added) there.
INTRODUCTION
With traditional methods of water harvesting being no longer sufficient to meet growing demands, new methods to supply water to community and industry need to be explored. In South East Queensland (SEQ), a plan for meeting water supply requirements for the next 50 years is being implemented by means of the South East Queensland Water Strategy (QWC 2008) . The production of high quality recycled water in the framework of the Western Corridor Recycled Water Project (WCRWP) plays an important role in this water strategy. To this aim, different Advanced Water Treatment Plants (AWTPs) have been built in the SEQ region. Briefly, the production of recycled water is based on the treatment of wastewater to the highest standards through a seven barrier process. These are; (1) source control of discharges to sewers, (2) conventional activated sludge wastewater treatment plants (WWTP), AWTP treatment including (3) micro-or ultra-filtration (MF/UF), (4) reverse osmosis (RO), (5) disinfection and Advanced Oxidation Processes (AOP), (6) natural attenuation in dam environment (including blending with surface water), and finally (7) drinking water treatment plant (www.qwc.qld.gov.au). Barriers (3), (4) and (5) are incorporated into the AWTP.
Within the AWTPs, water is chemically disinfected at two points before MF/UF and after AOP. This disinfection process is mainly necessary in order to control biological fouling of RO membranes used. Although chlorine disinfection has been widely applied as the most traditional water disinfection technique (Haase 1936) , the RO membranes can easily be damaged by free chlorine in solution. Thus, chloramines are normally used for disinfection purposes at the AWTPs upstream RO membranes. In addition, the use of chloramines as disinfectant agents has been widely supported mainly due to the reduced formation of trihalomethanes (THM) or halogenic acetic acid (HAA) during the disinfection process (Oxenford 1996) . Nevertheless, other disinfection by-products (DBPs) can appear when disinfecting wastewater with this alternative disinfectant. N-nitrosodimethylamine (NDMA) is one of the most concerning compounds that has been found in AWTPs when disinfecting wastewater by means of chloramination. RO filtration is a well known effective barrier for removing most contaminates that are present in secondary treated effluents. However, due to the chemical properties of NDMA (small, non charged and polar), RO membrane is not efficient in their removal and rejection values as low as 10% have been already reported for those membranes (Steinle-Darling et al. 2007; Poussade et al. 2009 ). The US Environmental Protection Agency (EPA) classifies NDMA as ''B2 carcinogen-reasonably anticipated to be a human carcinogen'' and a 10 À6 cancer risk level in drinking water at 0.7 ng/L has been determined (US EPA 2008) . Moreover, Public Health Regulations in Queensland require that NDMA concentrations in recycled water to augment a supply of drinking water are less than 10 ng/L (QPC 2005) .
Although NDMA is safely removed at the last step of the AWTP, which is the Advanced Oxidation Process by means of H 2 O 2 /UV, a need for a better understanding of the source and fate of the precursors during the production of high quality recycled water has been identified. The common method employed to measure the NDMA precursors in water is the NDMA formation potential (FP) test. This method was firstly developed by (Mitch et al. 2003 ) and has been continuously referenced and used Schreiber & Mitch 2006; Mitch & Schreiber 2008; Sacher et al. 2008) . The method involves applying a high dose of monochloramine to a pH-buffered water sample during seven days of contact period to produce the maximum amount of NDMA.
The aim of the present paper is to screen the actual situation in South East Queensland concerning the presence of NDMA precursors and their fate during the high quality recycled water production process. To this purpose two different goals have been targeted:
Quantification of the NDMA precursors present in different wastewater treatment plant effluent that are being used for the production of high quality recycled water, Assessment of the fate of NDMA precursors during the production of high quality recycled water across the AWTP including the Reverse Osmosis concentrate to identify the key removal processes and quantify the remaining NDMA formation potential of the treated water.
MATERIALS AND METHODS

Chemicals
All chemicals used for chemical analysis were of analytical grade and commercially purchased. NDMA (5000 mg/mL in methanol) had a purity of 499.9% and was obtained from Supelco. Deuterated d 6 -NDMA and d 14 -NDPA (N-nitrosodipropylamine) were used as surrogate and internal standard, respectively (1,000 mg/mL in dichloromethane, 498.9%, Accustandard and Ultra Scientific, respectively).
For the NDMA FP test, ammonium chloride (TraceSE-LECTs, Z99.9% purity), sodium hydroxide (SigmaUltra, Z98%, pellets) and sodium hypochlorite solution (reagent grade, available chlorine Z4%) were used. Potassium dihydrogenphosphate (KH 2 PO 4 , Fluka, puriss. p.a., Z99.5%) and disodium hydrogenphosophate (Na 2 HPO 4 2H 2 O, Fluka, puriss. p.a., Z99.5%) were used to prepare pH buffer solutions. To quench the chloramine solution, sodium sulphite (Fluka, puriss. p.a., Z98.0%) was employed.
Commercial DPD test kits (Hach) were used for the analysis of free and total chlorine (DPD Total and Free Chlorine Reagent, Test 'N Tube Vials 2105545 and 2105645). To standardize the chlorine solution, sodium thiosulphate (SigmaUltra, Z99.5%), potassium dichromate (SigmaUltra, Z99.5%), acetic acid (ReagentPluss, Z99%), soluble starch (ACS reagent) and potassium iodide (ReagentPluss, 99%) were used.
For solid phase extraction (SPE), we used EPA commercial charcoal optimized for NDMA analysis (Restek). HPLC grade dichloromethane, methanol and water were used for conditioning and cleaning the SPE cartridges. Anhydrous sodium sulphate, granular 10-60 mesh from Mallinckrodt was used to remove water from the extracts. Finally 99% decane (Sigma-Aldrich) was used as keeper in the final concentration steep.
NDMA precursor analysis
The NDMA FP test follows closely the procedure described as nitrosamine precursor test by (Mitch et al. 2003) . Prior to the preparation of the chloramine solution, the free chlorine concentration in the hypochlorite stock solution was determined by a DPD test kit (Standard Methods for the Examination of Water and Wastewater 1995) . Based on the free chlorine concentration in the hypochlorite solution, the volume of hypochlorite stock solution that was necessary to achieve molar ratio ammonia to free chlorine of 1.2:1 in the final chloramine stock solution was calculated. That is 20 mM hypochlorite to achieve a 20 mM monochloramine (around 1400 mg/L free Cl 2 ). The respective volume of hypochlorite stock solution was then added to 500 mL of ammonium chloride solution. Before and after each NDMA FP test, the concentration of bound chlorine was determined by the DPD test kit.
A concentration of 2 mM (140 mg/L Cl 2 ) was used to determine the NDMA FP of the selected waters. The test was performed at pH 6.8 which was achieved by adding 700 mg/L KH 2 PO 4 and 880 mg/L Na 2 HPO 4 2H 2 O to the water sample (10 mM phosphate buffer). All experiments were performed in 1 L amber glass bottles which were stored at room temperature (23±2 o C) in the dark during seven days. The total chlorine was measured daily. The seventh day, the residual chloramine concentration was quenched with 2.5 g/L sodium sulphite (added in solid phase to the sample) to prevent further NDMA formation. Then the samples were analyzed for NDMA. All glassware used during this analysis was rinsed with acetone and baked in the oven for 24 hours.
N-nitrosamines analysis
Samples were analysed at Queensland Health Forensic and Scientific Services (QHFSS). The method used for N-nitrosamines analysis is based on EPA Method 251 (Munch & Bassett 2004) . In that analysis, water is passed through a carbon SPE cartridge and the N-nitrosamines are eluted off with dichloromethane. The extracts are concentrated by evaporation under nitrogen to 1 mL and analysed by capillary GC-MS in Positive Chemical Ionisation (PCI) mode with anhydrous ammonia as the chemical ionisation gas (Finnigan Trace G.C. Ultra and Finnigan Trace DSQ Mass Spectrometer with Ammonia Chemical Ionization).
Fifty microlitres of a 0.5 mg/L deuterated NDMA stock solution in methanol solvent (25 ng/L) were added as surrogate to each 1 L sample to evaluate the percentage of recovery of the extraction. For solid phase extraction (SPE), commercial EPA coconut carbon cartridges for NDMA analysis (Restek) were used. Methanol, dichloromethane (HPLC grade) and MilliQ water were used as solvents. Glass fiber filters were obtained from Whatman. Teflon 1/8'' tubing, weights, tubes, tube adaptors, and a 12port vacuum manifold for performing SPE were purchased from Supelco. The charcoal cartridge was conditioned with 8 mL of dichloromethane, followed by 15 mL of methanol and 25 mL of HPLC water. Cartridge was allowed to dry during dichloromethane and methanol cleaning but not during the last cleaning with HPLC water. The flow rate for sample loading was adjusted to o 10 mL/min. After finishing the loading, cartridges were cleaned with 10 mL of HPLC water and dried under vacuum during 10 minutes.
For elution, 30 mL of dichloromethane was passed first trough the charcoal cartridge and then through 6 mL tube packed with previously dried sodium sulphate. 50 mL decane/ 15 mL sample were added as keeper during the concentration step under nitrogen. A final 1 mL was collected for analysis. 50 ng/L of internal standard was added to the final 1 mL. Every batch was accompanied by a standard spiked solution and a blank to determine the performance of the extraction and the possible NDMA contamination in the water.
2 mL sample were splitless injected into the gas chromatograph at 250 1 C. The column used was ZB-5 MS (30 Â 0.25 Â 1.0). The initial temperature of the oven was 40 1 C for 1 min. Then a ramp was programmed at 40 1 C/min to 265 1 C. Final temperature was held during 5.4 min. Helium gas at 1 mL/min was used as carrier gas. Anhydrous ammonia gas 99.99% pure was used in the mass spectrometer. Ammonia inlet pressure was 100 kPa and the reagent gas flow for CI was 3.5 mL/min. The detection limit for the technique was 5 ng/L.
Other analysis
Non purgeable organic carbon (NPOC) was measured at the AWMC using a JENA multi N/C 3100 instrument. For the NPOC analysis the samples were acidified adding 17 mL of 2 M hydrochloride acid in 20 mL sample bottle. 99.99% pure oxygen with a flow rate of 200 mL/min was fed into the analyser for the combustion. CeO 2 was used as an oxidation catalyst and 200 mL was added into the samples. Afterwards the samples were injected into combustion tube and heated at 850 1C. This was done for 20 sec under constant stirring and the purge flow rate was about 100 mL/min. The standard solutions were 0.5-100 mg/L potassium hydrogen phthalate for calibration purpose. Dissolve organic nitrogen (DON) was calculated to be the difference between total Kjeldahl nitrogen (TKN) and NH 4 -N nitrogen. TKN was measured using a Lachat QuickChem method 10-107-06-2-D. Ammonium nitrogen was measured on a Lachat flow injection analyzer as per the Lachat QuickChem method 31-107-06-1-A. Nitrate and Nitrite were also measured on a Lachat flow injection analyser as per the Lachat QuickChem method. A Varian (Cary 50) spectrophotometer was use for the detection of free and total chlorine.
Water sample location and collection methods
The aim of this paper was to evaluate the NDMA precursors during the production of high quality recycled water. Therefore, only samples from the effluents of the WWTP used as source water for the AWTPs were taken. To analyze the NDMA FP of different treated wastewaters, 24 hours time proportional composite samples were obtained between December 2008 and April 2009 during different week days at the effluent of six different WWTPs named in this work as WWTP A to WWTP F prior to disinfection. A last sample was taken in December 2009 to confirm the values in plants WWTP A to WWTP D. All these plants include biological nutrient removal and achieve typical total nitrogen levels of 5 mg/L or lower. Phosphorus removal varies between the plants, with total phosphorous in the effluent averaging around 3 mg/L. Salinity (TDS) is generally around 500 mg/L but is significantly higher at WWTP E (Typically more than 1,000 mg/L and up to 2,000 mg/L) because of some seawater ingress within that catchments.
To evaluate the fate of NDMA precursors across the AWTPs, grab samples were taken at different points of the treatment train between February and June 2009. Two AWTPs were included in the study. AWTP 1 facility reclaimed effluent from WWTP A, WWTP B, WWTP C and WWTP D to potable standards. AWTP 2 treats water from WWTP E. The treatment capacity at both plants is 66 ML/day. Advanced treatment at both AWTPs include the following common steps: coagulation with ferric chloride, disinfection by chloramination, microfiltration/ultrafiltration (MF/UF), reverse osmosis (RO), and an ultraviolet-hydrogen peroxide advanced oxidation (UV-AOP, Trojan Technologies UVPhox).
Differences between both plants are mainly related to the monochloramine addition but also to the different reverse osmosis commercial membranes used. AWTP 1 produces the monochloramine in-line by adding sodium hypochlorite to the wastewater containing ammonia, while at AWTP 2 the monochloramine is preformed prior to injection in the treated water. Table 1 shows the different membranes used in both plants. Also AWTP 1 applies ultrafiltration after pre-treatment while AWTP 2 applies microfiltration. Finally AWTP 2 also employs a polyacrylamide polymer to assist in the pretreatment.
RESULTS AND DISCUSSION
NDMA precursors in source waters for the production of high quality recycled water in South East Queensland (SEQ) were examined by means of the NDMA Formation Potential (FP) test. Results of different sampling days are presented in Figure 1 . Concentrations of NDMA in the source waters prior to the formation potential tests were generally lower than the reporting limit (5 ng/L) and never higher than 25 ng/L. Therefore the contribution to the NDMA FP test was minimal. Values presented in Figure 1 correspond to the concentration of NDMA generated during the formation potential test corrected for initial NDMA concentration when this value was higher than the reporting limit (i.e., 5 ng/L). Table 2 summarizes the wastewater characteristics and treatment technologies of Wastewater Treatment Plants (WWTPs) employed in that study. As observed in Figure 1 , NDMA FP concentrations in WWTP secondary effluents were between 350 and 1020 ± 20 ng/L showing remarkable differences among single WWTPs, probably due the different degrees of industrial contribution in the different plants. WWTP A was the plant that consistently showed higher potential to generate NDMA upon disinfection. This sewer catchment is 85% residential and 15% commercial/industrial. This plant has five major trade waste costumers that are a chicken abattoir, a dairy producer, an aluminium extruder and a beverage manufacturer. No further relation could be established between singe industrial waste streams and higher levels of NDMA precursors. In general, results shown in Figure 1 are in accordance with previous research performed in other countries. Pehlivanoglu and Sedlak reported that NDMA precursor concentrations between 200 and 1200 ng/L were observed in secondary wastewater effluents . In addition, Sedlak and collaborators studied the NDMA FP of different municipal WWTPs in USA where the concentration of NDMA precursors in wastewater effluent ranged from 660 to o2000 ng/L (Sedlak & Kavanaugh 2005) .
Although NDMA FP results of secondary effluents evaluated in this work were not high when comparing them with other published data, Gerecke and Sedlak showed that an NDMA precursor concentration of approximately 50 ng/L typically results in the formation of more than 10 ng/L of NDMA after chloramination under typical drinking water treatment conditions . Therefore, based on the prediction suggested by Gerecke and Sedlack, the formation of NDMA in the secondary effluents of the above mentioned WWTP could reach values as high as 70 to 200 ng/L after disinfection with chloramines (being 10 ng/L the regulation limit for high quality recycled water (QPC 2005) . Indeed, concentrations ranging between 10 and 270 ng/L (150 ng/L on average) could be easily observed at AWTP 1 before the Advanced Oxidation Process during the optimization phase of the disinfection strategy (Poussade et al. 2009 ) while values lower than 10 ng/L were always found across AWTP 2.
To minimize the conversion of NDMA precursors, the disinfection strategy at the AWTP needs to be optimized in order to reduce the NDMA formation. This optimization should consider the minimization of dichloramine formation during the generation of chloramines since the former appears to be mainly related to NDMA formation Schreiber & Mitch 2005 . The formation of dichloramine could be minimized by avoiding high local concentrations of chlorine over ammonia when generating the disinfectant in line (Schreiber et al. 2005) or reducing the contact time between the chloramine and wastewater to minimize the decomposition of monochloramine to dichloramine (Farré et al. 2011) .
In fact, the reason why high concentrations of NDMA were observed in AWTP 1 were related to both; (i) the in-line generation of monochloramine by adding chlorine over ammonia that could, as said before, produce high local concentration of chlorine and foster the formation of dichloramine, being the last one the main species related to the NDMA formation, and (ii) long contact time between the disinfectant and the wastewater that could enhance the degradation of monochloramine to dichloramine. In contrary, AWTP 2 not only employs pre-formed monochloramine as disinfectant agent, but also the contact time between the monochloramine and the wastewater is much shorter and therefore the generation of dichloramine is minimized. More details of this study can be found elsewhere (Farré et al. 2011) .
The relation of NDMA formation potential with chemical parameters was evaluated for those specific waters. Table 3 shows all the chemical parameters measured at the different WWTPs. High ammonia concentrations in secondary effluents normally indicate a certain nitrification inhibition in the WWTP and can be an indicator for a non-optimal process performance of the WWTP. This non-optimal performance could be related to a high NDMA formation. Nevertheless, contrary to this assumption, ammonia concentration of the secondary effluent could not be used to predict the formation of NDMA in the disinfection process since high values of NDMA precursors were observed in the presence of both high and low concentration of ammonia. This lack of correlation between NPOC, DON, ammonia, nitrate or nitrite is in accordance with Pehlivanoglu and Sedlak latest publication where they present evidence that NDMA precursors are only a very minor and specific fraction of DON (Pehlivanoglu-Mantas & Sedlak 2008) .
As already explained in the introduction, NDMA is not well rejected by the RO membranes during the production of high quality recycled water. The aim of this paper was to investigate the fate of the NDMA precursors across the AWTP plant. To evaluate this fate, two different plants with different membranes were monitored. Figure 2 shows the NDMA FP of different samples taken across AWTP 1 and AWTP 2. Statistically, an effect on the removal of NDMA precursors for the specific secondary effluents used as source water for high quality recycled water could not be observed during any of the pre-treatments at both AWTPs. Also, microfiltation and ultrafiltration, whose aim is to remove suspended solids and bacteria, do not seem to have any effect on the removal of NDMA precursors since no statistical difference was found when measuring the concentration of those precursors from the pre-treatment with FeCl 3 to the reverse osmosis in either of the plants. Also no differences concerning the NDMA precursor rejection was found when using either microfiltration or ultrafiltration. On the contrary, the reverse osmosis membrane filtration achieved an NDMA precursors removal of 98.5 ± 0.5% and 498.9 ± 0.5% at AWTP 1 and AWTP 2, respectively. In fact, the use of reverse osmosis membrane treatment prior to chlorine disinfection has been suggested as a safety strategy for preventing NDMA formation (Mitch & Sedlak 2004) . However, since the AWTPs evaluated in the present study employ secondary wastewater effluent as source water for recycled water, disinfection prior to the reverse osmosis filtration is a required step in order to limit biofouling and maintain performance and productivity of the RO membranes. Since the presence of NDMA precursors can not be avoided in this case, the dosing and operating conditions for the chloramination process within the AWTPs needs to be carefully optimised to avoid the excessive formation of NDMA in the treatment process. Finally, NDMA FP of RO permeate remained constant and lower that the recommended 10 ng/L value until the end of the treatment (i.e., 5-8 ± 2 ng/L NDMA precursors at AWTP 1, and lower than the detection limit for AWTP 2). The 3-stage RO membrane configuration used at both AWTPs is designed to achieve 85% water recovery, therefore a reverse osmosis concentrated (ROC) stream (15% of incoming water) is produced as a main drawback of this process. The concentration of NDMA precursor in the ROC was measured at 1600±200 ng/L for AWTP 1 and 2200 ± 200 ng/L for AWTP 2. Due to the location of AWTP 1, this concentrate effluent cannot be directly discharged to the river due to the elevated nutrient concentrations present. Thus, a nitrification-denitrification system is employed in conjunction with an additional phosphorus precipitation step at this AWTP achieving a final NDMA precursors concentration of 1100±200 ng/L.
Wastewater-derived NDMA precursors are relatively stable in river waters . Thus, the high concentration of NDMA precursors in the effluent may have important implications in effluent-derived surface waters that are used as drinking water source. However, it is noteworthy to remark that the load of NDMA precursors discharged by the AWTP is lower than the amount discharged by the WWTP. As seen in Figure 2 , a relative high percentage of NDMA precursors are removed at the pre-treatment step by means of coagulation with ferric chloride. In this specific AWTP, NDMA precursors concentration in the WWTP effluents ranged from 350 to 1020 ± 20 ng/L. The concentration factor of the RO membranes at both AWTP is 6.7 (corresponding to 85% rejection). Hence, without any removal of NDMA precursors across the AWTP, values at the ROC would reach 2350-6830 ng/L. Nevertheless, values measured at the final treated ROC were always lower. Therefore, it is clear that the AWTP is improving the NDMA precursors discharge to the environment in comparison to WWTP discharge. Nevertheless, additional options are considered at the AWTPs to further minimize ROC discharge impacts to the environment.
CONCLUSIONS
Wastewater Treatment Plant Effluent: The NDMA formation potential (FP) of secondary effluent as source waters for high quality recycled water in South East Queensland were studied in order to evaluate the presence of NDMA precursors. Results obtained showed concentrations between 350 and 1020±20 ng/L for NDMA FP, showing remarkable differences among single WWTPs. Fate across the Advanced Water Treatment: More than 98.5% of NDMA precursors were effectively removed by Reverse Osmosis (RO) membranes at both AWTPs. No major changes in relation to the NDMA precursor concentration were experienced during the rest of the treatment train. 
